Reporter assays are widely used in research and drug discovery for analysis of signaling pathways in a cell-based format. Traditionally, reporter gene assays are run in a single-parameter mode, interrogating only 1 pathway per sample. To enable more complex assay formats for pathway analysis, the authors developed a multiplexed reporter cell-based assay that combines optical encoding with a β-lactamase reporter gene readout. The optical encoding is achieved by peptide-mediated delivery of quantum dots into reporter cell lines. Using different quantum dots, the authors were able to simultaneously analyze multiple signaling pathways in the same sample using fluorescence microscopy or flow cytometry. They selected 3 β-lactamase reporter cell lines for the analysis of tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6), and interferon gamma (IFN-γ) induced signaling to perform proof-of-principle experiments. The analysis demonstrates that this multiplexed assay allows the reliable detection of ligand-specific activation patterns as well as pathway-specific inhibitors. This method provides a template for the development of novel assay designs that enable the analysis of complex signaling networks involving multiple signaling pathways as well as cell-specific pathways in heterotypic cell models. (Journal of Biomolecular Screening 2009:845-852) 
INTRODUCTION
C ell-based reporter gene assays represent a wellestablished and robust technology that is widely used to screen for agonists or antagonists of specific signaling pathways. The principle advantage of cell-based reporter assays lies in their ability to interrogate a specific signaling pathway in the context of the cellular environment and therefore provide a more physiological and more predictive model system compared to biochemical assays. One of the major disadvantages of reporter gene assays is their inherent limitation to the analysis of a single pathway (or response element) in a single cell type per sample, which restricts the use of reporter gene assays to somewhat simplified cellular models that have limited predictive value in respect to compound efficacy in vivo. A good example to illustrate this assumption is the complexity of interactions between tumor cells and their cellular environment. A variety of cell types and signaling pathways are involved in the regulation of physiological changes required for tumor development and ultimately disease progression. 1 The redundancy and flexibility of these regulatory networks are known to potentially negate the efficacy of highly specific targeted drugs 2 in vivo. It would be therefore desirable to develop novel cell-based models that are able to address the complexity of disease-relevant signaling networks.
Here we discuss the development of a simple and cost-effective method for the analysis of multiple signaling pathways in a single sample. Previous reports have shown the successful use of organic fluorophores and semiconductor quantum dots [3] [4] [5] for optical encoding of different cell populations for multiplexed analysis of protein phosphorylation and calcium signaling.
We combined Qtracker  nanocrystals with β-lactamase reporter gene assay technology 6 to develop a multiplexed reporter gene assay for pathway analysis. Qtracker  nanocrystals are semiconductor quantum dots that use a targeting peptide to promote efficient cellular uptake. 7 Cells labeled with Qtracker  nanocrystals have been used for cell tracking in a variety of applications such as heterotypic assembly of cocultured cells and cell migration studies. The β-lactamase reporter gene assay uses the bacterial β-lactamase gene under control of pathway-specific response elements. 6, 8 Activation of the pathway leads to increased expression of β-lactamase. The enzymatic activity of β-lactamase is detected using CCF4-AM a Foerster resonance energy transfer (FRET)-based substrate, which consists of a fluorescein and coumarin moiety connected by cephalosporin. Upon excitation at 405 nm, the intact substrate emits with a maximum of 535 nm (green) due to FRET between coumarin and fluorescein. The β-lactamase-mediated cleavage of the substrate results in the loss of FRET and a product (coumarin) that emits around 460 nm (blue). To investigate the feasibility of the multiplexed pathway analysis, we selected 3 distinct reporter cell lines. The cell lines were engineered to express with the β-lactamase reporter gene under the control of the NFκB, gamma interferon-activated sequence (GAS), or sis-inducible (SIE) response element, respectively. All 3 response elements are involved in the transcriptional regulation of well-defined proinflammatory signaling pathways. The NFκB response element binds the transcription factor NF-κB, which is activated by numerous stimuli such as tumor necrosis factor alpha (TNF-α). Both GAS and SIE are differentially regulated by activation of the JAK/STAT pathway, which is induced by cytokines such as interleukin-6 (IL-6) and interferon gamma (IFN-γ). Using this model, we demonstrate that the combination of these 2 technologies allows the reproducible and robust analysis of multiple pathways in the same sample using either fluorescence microscopy or flow cytometry.
MATERIAL AND METHODS

Cell culture
SIE-bla ME180, GAS-bla ME180, and NFκB-bla ME180 cells were from Invitrogen (Carlsbad, CA). All cell lines were maintained in growth medium, consisting of 90% high glucose Dulbecco's modified Eagle's medium (DMEM; Invitrogen), supplemented with 10% dialyzed fetal bovine serum (FBS), 100 U/mL penicillin, 100 µg/mL streptomycin, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, and 25 mM HEPES (pH 7.3). The cell lines were kept in a humidified incubator at 37 °C in a 5% CO 2 atmosphere. For reporter assay experiments, the cells were starved overnight and assayed in assay medium consisting of Opti-MEM  I (Invitrogen) supplemented with 0.5% dialyzed FBS.
Optical encoding of cell populations with Qtracker  nanocrystals
Cells were labeled with Qtracker  nanocrystals (Qtracker  , Invitrogen) using a scaled-up version of the manufacturer protocol. Briefly, cells were plated at 70% to 80% confluency in 100-mm cell culture dishes and incubated for 16 h. Labeling medium consisted of 20 µL of Qtracker  labeling solution added to 6 mL of growth medium (3 nM final Qtracker  concentration). The labeling medium was added to the cells and incubated for 4 to 6 h at 37 °C. The labeling solution was removed, followed by a single wash step with phosphate-buffered saline (PBS) to remove excess labeling solution. The cells were then plated according to experimental requirements as outlined below.
Image-based multiplexed β-lactamase reporter gene assay
A schematic representation of the experimental strategy for the multiplexed reporter gene assay is shown in Figure 1 . All β-lactamase reporter assays were conducted as described in detail previously. [8] [9] [10] The Qtracker  -labeled cell populations were plated in assay medium at a density of 10,000 cells per well in a clear-bottom 96-well imaging plate (BD Falcon, BD Biosciences, San Jose, CA) and incubated for 24 h to allow cell attachment. The cells were then treated with the indicated concentration of ligand (TNF-α, IFN-γ, or IL-6) and incubated for 5 h. For inhibitor experiments, cells were pretreated with the indicated concentration of pyridone 6 (JAK Inhibitor I, CalBiochem, San Diego, CA) for 60 min before stimulation with a combination of TNF-α and IFN-γ at a concentration of 10 ng/mL each. The activity of the β-lactamase reporter in each sample was determined using LiveBLAzer FRET B/G loading kit (Invitrogen) according to manufacturer protocol, followed by 2 to 3 h of incubation at room temperature. Analysis of samples was carried out by microscopy using the Deltavision image restoration microscopy system (Applied Precision, Issaquah, WA). All images were taken using a 20× objective (UPLAPO 20×/0.75). For each sample, images stacks of at least 3 random fields of view were acquired. For each field of view, 5 images were sequentially captured using the following sets of excitation and emission bandpass filters (in nm): Each field of view contained 150 to 200 cells.
Image analysis was performed using ImageJ using the following set of rules to maintain unbiased results: (1) "blind" field of view selection (no direct visual control) for image acquisition was performed using a joystick operated stage. (2) Exposure settings for each channel were selected to ensure similar signal intensity distributions for each fluorophore. (3) All data represent average region of interest (ROI) intensity values determined for every cell in a field of view. No thresholding or outlier removal was applied. Background subtraction was applied using the value of a cell-free ROI. (4) Population analysis was performed based on the highest intensity value of the 3 Qtracker  labels.
Reporter gene activity is represented as the normalized response ratio, which is the 450/545-nm ratio of each sample divided by the 450/545-nm ratio of the untreated control. Inhibitor activity was calculated as percent inhibition of positive control using the following formula:
where a is the positive control value, b is the negative control value, and x is the sample value. Concentration response curves were plotted using GraphPad Prism (GraphPad, La Jolla, CA).
Flow cytometry-based β-lactamase reporter assay
Labeling and plating of the reporter cell lines were performed as described for image-based analysis except that 24-well plates instead of 96-well plates were used. Ligand and inhibitor treatment was performed as described above. β-Lactamase activity was determined using the LiveBLAzer FRET B/G loading kit. Solution C (24% w/w PEG 400, 18% TR-40 by volume in water; dye solution to suppress background signal from extracellular β-lactamase substrate) was omitted in flow cytometry experiments due to interference with Qtracker  labeling. Volumes were scaled up to accommodate the increased well size. Following 2 h of substrate loading, the cells were washed with PBS, pelleted by centrifugation, and resuspended in 1 mL flow buffer (Dulbecco's PBS [DPBS], 1% glucose, 25 mM HEPES, 1 mM EDTA). Flow cytometry analysis was performed on a Digital FACS Vantage SE flow cytometer (BD Biosciences) retrofitted with a 2-octagon/1-trigon optical layout. All samples were excited using an Innova 302C series krypton ion laser tuned to 407 nm at 70 mW. Emission signals were collected using an octagon optical layout with 6 photomultiplier tubes (PMTs) permitting the simultaneous analysis of up to 6 colors. The following emission filters were used for analysis: For all experiments, 5000 cells per sample were analyzed using identical settings and gate selections. All intensity values were measured as mean intensity. Qtracker  populations were identified and gated based on their distribution on the 605-nm/6-55-nm dot plot (Fig. 2C) . All values are based on the mean intensity value determined for each channel. FlowJo (Treestar, Ashland, OR) software was used for the analysis of flow data. Curve fitting was performed as outlined above.
RESULTS
Use of Qtracker  for the analysis of mixed cell samples
The automated analysis of heterogeneous cell populations requires the ability to identify individual cell populations based on clear differences in the fluorescent intensity values of the different labels. It was therefore important to determine if Qtracker  labeling could meet these requirements. For that purpose, 3 ME180 reporter cell lines were first labeled with Qtracker  605, 655, or 705, then combined into a single sample and analyzed by microscopy or flow cytometry. As shown in Figure 2A , cells labeled with different Qtracker  can be easily distinguished visually by microscopy using the appropriate filters and gain settings. In addition, a quantitative analysis of label distribution was performed based on the intensity values derived from images taken from multiple samples. For quantitative analysis by fluorescence microscopy, we analyzed 20 images taken from 10 different heterogeneous cell samples (drawn from the same labeling experiment). More than 2000 cells were analyzed for this experiment. First, each cell was blindly assigned to one specific Qtracker  population based on the highest absolute fluorescence intensity value found for the 3 Qtracker  labels. The 3 individual populations were then plotted using the fluorescence intensity (log) values for the 605-and 655-nm emission channels as x and y value, respectively. The resulting dot plot in Figure 2B demonstrates that this cell classification approach yields 3 well-defined cell clusters despite the relatively wide range of labeling intensities. Similar results were obtained by flow cytometry (Fig. 2C) using the same experimental conditions and analysis parameters. In addition, preliminary results suggested that more complex samples, containing up to 6 different cell populations labeled with different Qtracker  in a combinatorial fashion, could be resolved by flow cytometry using the same 2D 605/655-nm dot plot analysis (data not shown). It was found that Qtracker  distribution patterns are stable throughout all samples of an experiment, which allows rapid data acquisition (and analysis) without the need for gain adjustments or gate modifications during the experiment and subsequent analysis. However, we found it to be important to monitor a number of parameters that potentially influence labeling, including cell background, cell viability, time between labeling and experiment, and compound fluorescence. The results demonstrate that optical encoding using Qtracker  can be used for the analysis of heterogeneous cell populations.
Multiplexed analysis of signaling pathways using fluorescence microscopy
Image-based analysis using microscopy has become an invaluable tool for basic and applied research due to its ability to combine intensity and positional information, which provides the means to perform multiparametric single-cell analysis.
To test the feasibility of image-based multiplexed pathway analysis, we chose 3 reporter cell lines containing β-lactamase under the control of NFκB, GAS, or SIE response elements as model system. All 3 cell lines were generated in the ME180 cell line, which minimized cell background-related differences in labeling or assay performance. All 3 response elements represent tightly regulated signaling pathways with little β-lactamase activity observed in untreated cells, which facilitates the detection of false-positive results due to poor decoding of mixed cell populations. For multiplexed analysis, the NFκB, GAS, and SIE reporter cell lines were labeled with Qtracker  605, 655, and 705, respectively, as described in Materials and Methods. The labeled cells were combined and plated in 96-well plates. Within each sample, the individual reporter cell lines were identified based on fluorescence intensity of each Qtracker  label as described above. β-Lactamase activity within each cell population was determined as described in the Materials and Methods section. An average of 200 cells was analyzed for each sample. As shown in Figure 3 , cytokine treatment of mixed cell samples induced pathway-specific β-lactamase activity. TNF-α treatment only induced β-lactamase in NFκB-bla ME180 cells (Fig. 3A) , whereas IFN-γ treatment resulted in increased β-lactamase activity in both GAS-bla and SIE-bla ME180 cells (Fig. 3B) . In contrast, IL-6 treatment stimulated β-lactamase activation only in SIE-bla ME180 cells (Fig. 3C) but not in NFκB-bla or GAS-bla ME180 cells. The activation profiles and EC 50 values for the individual cytokines corresponded well with results obtained from experiments performed on individual reporter cell lines (data not shown). In addition, a mixed cell sample was treated with both TNF-α and IL-6 to test if treatment with multiple cytokines would lead to changed activation patterns.
As shown in Figure 3D , the simultaneous treatment with IL-6 and TNF-α resulted in increased β-lactamase activity only in NFκB-bla and SIE-bla ME180 cells. The EC 50 values for TNF-α and IL-6 are similar to the EC 50 values found for the single cytokine treatments. To demonstrate the application of multiplexed pathway analysis for the identification of pathwayspecific inhibitors, we evaluated the activity of a well-known JAK inhibitor, pyridone 6, 11 in this model system. The samples were pretreated for 60 min with the indicated concentration of pyridone 6, followed by the combined addition of TNF-α and IFN-γ. Pretreatment with pyridone 6 resulted in concentrationdependent inhibition of IFN-γ-induced β-lactamase activity in GAS-bla and SIE-bla ME180 cells. In contrast, simultaneous TNF-α-mediated activation of the NFκB pathway remained largely unaffected by pyridone 6 (Fig. 3E) . Analysis of the concentration response curve yielded IC 50 values for pyridone 6, which is similar to IC 50 values previously determined in a single-parameter assays format (data not shown). Furthermore, cytokine activity and inhibitor profiles showed good reproducibility in repeat experiments. To demonstrate the advantage of population analysis, we included the concentration response curves for the mixed cell population (pool, open circles) for each experiment (Fig. 3A-E and Fig. 4A-C) . The results demonstrate that pool-based analysis will yield significantly lower response ratios due to the presence of an unresponsive cell population, which leads to a "dilution" of the signal. In general, the relative reduction of activity is directly proportional to population statistics of the investigated samples. For example, the cell samples analyzed for the TNF-α dose-response experiment shown in Figure 3A contain on average 45% TNF-α-responsive NFκB-bla ME180 cells. Consequently, analysis of the entire cell pool will yield a 2-fold reduced response to TNF-α compared to the result obtained for the NFκB-bla ME180 population, which is shown in Figure 3A . Pool analysis also leads to composite EC 50 /IC 50 values if 2 (or more) cell populations respond differentially to treatment, as shown here for the combined TNF-α/IL-6 treatment. Therefore, pool-based experiments will always require further analysis of hits using individual reporter cell lines.
Multiplexed analysis of signaling pathways using flow cytometry
Flow cytometry represents another well-established highcontent platform for single-cell analysis. Although rarely used in routine high-throughput applications, a number of recent improvements provide the means to process larger numbers of samples, which could make this highly informative method an attractive analysis tool for the screening of focused libraries. 12 The use of fluorescent bar-coding for multiplexed analysis had been shown for phosphoprotein analysis 4 using the combinatorial application of different organic dyes in combination with phospho-specific antibodies.
We investigated if optical encoding could be applied to flow cytometry as a way to perform simultaneous analysis of multiple pathway-specific reporter cell lines. The same heterogeneous cell population model previously used for image-based multiplexed analysis was selected for the flow cytometry experiments. The cells were labeled with Qtracker  , as described in Materials and Methods, and plated in 24-well plates. The cells were stimulated for 5 h with the indicated concentration of TNF-α or IFN-γ, followed by 2 h of substrate loading. The heterogeneous cell sample was first classified based on the fluorescence intensity levels of the 3 Qtracker  labels, followed by analysis of β-lactamase activity. Similar to the results obtained by microscopy, the treatment of the mixed cell samples with either TNF-α ( Fig. 4A) or IFN-γ ( Fig. 4B) induced β-lactamase activity specifically in NFκB-bla or GAS-bla and SIE-bla ME180 cells, respectively. Furthermore, EC 50 values are similar to those found for image-based analysis as well as published values for plate-based single-parameter analysis.
Pretreatment with the JAK inhibitor pyridone 6 led to dosedependent inhibition of SIE-and GAS-dependent β-lactamase activity. In contrast, NFκB-driven β-lactamase activity was only slightly affected by treatment with high concentrations of pyridone 6 (Fig. 4C) . Again, the IC 50 values for pyridone 6 were in accordance to those found for image-based pathway analysis.
CONCLUSIONS
In this report, we show the successful application of optical encoding using Qtracker  in combination with β-lactamase reporter assays for multiplexed pathway analysis by either microscopy or flow cytometry. Both analytical methods produce robust results and compare well to the values generated using the well-validated single-parameter plate-based approach. In general, microscopy/image-based analysis is easier to implement for high-throughput-oriented application. However, flow cytometry analysis provides unmatched flexibility in regard to labeling and multiparametric cell analysis and might be the method of choice for the analysis of complex samples. Qtracker  and β-lactamase reporter gene assays described in this article provide 2 alternative methods for this type of multiplexed pathway analysis. However, the use of these specific technologies offers a number of specific properties that contribute substantially to its ease of use and robustness if compared to alternative technology combinations. First, Qtracker  provides an extremely stable and long-lasting label without the bleaching and degradation issues often observed for organic dyes. Second, Qtracker  , as well as the LiveBLAzer β-lactamase substrate, is readily excited using the same excitation wavelength, which eliminates the need for complex optical layouts and compensation schemes that are usually required for multispectral analysis using fluorophores with different excitation and emission spectra. Finally, the ratiometric readout of the β-lactamase reporter technology provides excellent robustness against variations.
The multiplexed assay presented in this report is easy to implement and could be used for the generation of more complex cellular assays, which allow the analysis of physiological signaling networks rather than isolated individual pathways. Furthermore, the multiplexing reporter assay could provide A, B) NFκB-bla ME180, GAS-bla ME180, and SIE-bla ME180 cells were labeled and plated as described under Materials and Methods. The cells were stimulated for 5 h with the indicated concentration of (A) tumor necrosis factor alpha (TNF-α) or (B) interferon gamma (IFN-γ). Shown is the result of a representative experiment (C). Qtracker  -encoded NFκB-bla ME180, GAS-bla ME180, and SIE-bla ME180 cells were plated as described above and incubated with the indicated concentration of pyridone 6 (JAK inhibitor I) for 60 min prior to stimulation with a combination of TNF-α and IFN-γ at 10 ng/mL each. Shown are the results of 3 independent experiments. Error bars represent standard deviation calculated for experimental values (n = 3).
